INTRODUCTION
Coronary artery fistulae (CAF) are rare congenital coronary anomalies. Small CAF can be clinically silent and may close spontaneously [1] [2] [3] . Moderate to large CAF can be hemodynamically significant and are associated with complications [1, 4, 5] . Many patients are asymptomatic early after CAF closure. More detailed follow-up studies, however, have identified post CAF closure sequelae including persistent coronary dilatation [6] , residual leak [6] , thrombosis with or without myocardial infarction [6] [7] [8] [9] [10] [11] [12] , coronary stenosis with perfusion defects [13] , and rarely death [4, 14] . The risk factors for early or late coronary events have not been adequately evaluated. Recent reports have sug-1 gested that large size, distal type CAF [9] , and CAF draining to the coronary sinus [14] may be at higher risk for coronary thrombosis post closure. We sought to evaluate the clinical outcomes of various treatment options for CAF patients in intermediate to long-term follow-up.
METHODS
All patients who underwent evaluation for CAF treatment in the catheterization laboratory at The Children's Hospital of Michigan between January 1995 and Jan 2010 were identified after IRB approval. A retrospective review of all available medical records before and after CAF closure detailing history, anatomic, and functional evaluation of the coronary arteries, and use of anticoagulation was performed. To identify possible risk factors for thrombotic complications following closure, CAF were classified as proximal or distal [9] . In brief, the proximal CAF arises near the origin of a major epicardial coronary artery (Fig. 1) . The short proximal segment of the feeding main coronary artery is dilated and the coronary artery distal to the fistula has normal caliber and branches. There are no significant coronary branches supplying the myocardium from the fistula itself. Distal fistula ( Fig. 1 ) has their origin near the distal end of a major coronary artery. The conduit coronary artery proximal to a distal fistula gives rise to normal coronary branches that supply the myocardium. The increased flow in the feeding or conduit coronary artery (fistula flow plus normal myocardial flow) results in dilation and tortuosity of the conduit coronary artery proximal to the fistula. The sizes of the fistulae were categorized as small, medium, or large as per the descriptions in the catheterization reports. All CAF patients evaluated for treatment were categorized into intervention group (IG); who underwent either transcatheter closure (TCC) or surgical closure (SC) and Non-Intervention group; observation with or without anticoagulation.
RESULTS
A total of 16 patients were evaluated for CAF between 1995 and 2010. The demographics, CAF characteristics, treatment, and follow-up findings are detailed in Table I . The median age at closure was 10 years (0.01-56). All patients were asymptomatic except one infant presented with congestive heart failure due to a large CAF. Most CAF (13-16) drained into various right sided structures of the heart. The fistula origin was proximal in 8 and distal in 8 patients. The fistulas were graded as large in 7, medium in 4, and small in 5 patients. In the IG, TCC was performed in 6 and SC in one patient. All patients had complete occlusion without complications at the end of the procedure. Transcatheter closure techniques have been previously described [1, 4] . Briefly, medium-sized fistula was closed with coils directly via an arterial approach. Large fistula was closed using occluder devices, preferentially from the venous route. For distal fistula extreme care was taken to place the occluding device as close to the actual fistulous opening as possible to avoid occlusion of proximal coronary branches supplying the myocardium. One patient had surgical ligation distally at or near the draining site under cardiopulmonary bypass. Nine patients comprised of a nonintervention group (NIG). Of these, 5 had a small CAF with no indication for intervention and in the remaining 4; 1 with medium size proximal CAF and 3 large distal CAF had no intervention per physician and/or patient preference and was under observation with follow-up.
CAF Sequelae Following Treatment on Follow Up
A total of 13 patients were available for long-term follow-up with median of 3 (0.1-12) years (Table I) and have remained asymptomatic. All patients (n ¼ 7) in IG were available for follow-up, 4 had distal CAF.
One patient (pt # 16) had an acute coronary event within 24 hr of TCC. She was 15-year-old, asymptomatic with no history of hypertension, diabetes, hyperlipidemia, smoking, coagulation disorders or use of oral contraceptive pills with a large distal left circumflex (LCX) to right ventricle (RV) CAF (Fig. 2 ). Fistula closure with 8 mm Gianturco coil just distal to third obtuse marginal branch was performed and she was placed on oral ASA. At 12 hr post occlusion she complained of severe chest pain, radiating to her shoulders associated with sweating. She had elevated serial Troponin levels. Her EKG and echocardiogram were normal without wall motion abnormality and had normal ejection fraction. She was treated with morphine, oxygen, glycoprotein IIb/IIIa inhibitors, heparin, and beta blocker. Cardiac catheterization within 24 hr showed distal LCX thrombosis with complete occlusion of the third distal obtuse marginal (OM) branch and proximal extension of thrombus up to the second OM branch ( Fig. 2) . She remained asymptomatic on oral Coumadin for 1 year and aspirin (ASA) indefinitely. Follow-up coronary angiography at 2 months and 1 year showed reduced caliber of proximal LCX conduit coronary artery ( Fig. 2 ) with distal LCX occlusion up to the prominent proximal run-off vessel (second OM branch). Interestingly, there was evidence of recanalization of the distal thrombosis with thread like vessels and revascularization of the occluded OM branch. An intra vascular ultrasound (IVUS) study showed diffuse intimal thickening of proximal conduit LCX artery (Fig. 2) . Remaining 3 patients (#13-15) had medium size distal CAF; ages 10, 6, and 2 years with successful distal coil occlusion in all. Follow up angiograms showed; uniform decrease in size of proximal conduit coronary arteries, prominent proximal run-off coronary branches, without evidence of discrete stenosis or thrombosis in all three patients (Figs. [3] [4] [5] . Interestingly, there was evidence of preserved flow to distal small coronary branches with thread-like distal conduit coronary artery (Figs. 3 and 4) . Furthermore in patient #15 during CAF closure the small postero-lateral Immediate post coil angiogram shows preserved small distal coronary branches from distal LAD just proximal to the coil (arrow). C: Follow-up at 6 months shows complete closure of the fistula. The proximal conduit LAD and LCA has uniform decrease in size towards normal (arrow), substantial decrease in distal LAD conduit coronary artery size up to the proximal run-off vessel-diagonal branch (arrow head) with preserved blood supply to small distal coronary branches (small arrows). CAF, coronary artery fistula; LAD, left anterior descending artery; LCX, left circumflex artery; LCA, left coronary artery.
branches were likely occluded due to inadvertent proximal placement of the coil (Fig. 5) . The patient however, remained asymptomatic and follow-up angiogram showed revascularization of the occluded branches likely due to recanalization through the coil (Fig. 5) .
Three of 7 patients (#11-12) in IG had proximal CAF with successful distal TCC. Two of them were available for follow-up. A 11-year-old female (#10) with left coronary artery (LCA) to LA large proximal fistula had distal fistula TCC. At 6-years follow-up angiogram revealed thrombosis of distal fistula segment (proximal to the coil) and interestingly there was evidence of revascularization/angiogenesis beyond the coils. The proximal fistula segment was patent partially; there was significantly decreased fistula size with evidence of diffuse intimal thickening and discrete stenosis by angiography (Fig. 6) . A 3-day-old infant (#11) had a large right coronary artery (RCA) to right ventricle (RV) proximal fistula. She presented with heart failure after birth and had SC at 5 days of age (Fig. 7) . Attempted proximal ligation caused ischemic changes prompting the surgeons to ligate the CAF distally at the drainage site. Follow-up angiogram at 9 years showed occlusion of the proximal portion of the long fistula up-to the origin of RCA and no extension of thrombus to adjacent main RCA. The right aortic sinus was moderately dilated with mild aortic insufficiency and the RCA was diffusely hypoplastic (Fig. 7) . In the NIG 6 of 9 patients were available for followup. Two with small (#2, 4) and one medium-sized proximal CAF (#5) remained asymptomatic. Three had large distal type CAF. A 4-month-old male infant (#7) had a large complex LCX to RV distal fistula with contributions from left anterior descending (LAD) and RCA (Fig. 8) . He remained asymptomatic at 8 years of age with normal exercise stress test and was lost to follow-up. A 56-year-old female (#8) with large (gigantic) RCA to RV distal fistula (Fig. 8 ) refused any form of intervention except observation on ASA. She had normal myocardial perfusion scan. She has remained asymptomatic on last follow-up at 62 years of age and refused coronary angiogram and IVUS study. A 16-year-old male (#9) had large tortuous RCA distal fistula that was presumed to have closed spontaneously on initial and at 2-year follow-up angiographic evaluation. He had coronary angiogram 10 years later that showed persistent RCA dilatation (without change in size from previous two catheterizations) and on careful evaluation was found to have trace flow through the distal end of the fistula into the RV indicating partial closure of drainage site. He remains on indefinite aspirin (Fig. 8) . A: Three-month-old male with large distal CAF from LCX draining into the RV (large arrows). The proximal circumflex (conduit or feeding artery) is slightly more than twice the size of normal LAD (small arrow). Note the contribution from a branch of LAD to the fistula (arrow head). B: A large (giant) tortuous RCA to RV distal fistula in a 56-year-old female (larger than aorta at its origin-arrow). C,D: A large RCA to RV distal fistula (arrow) in a 16-year-old male. There is persistent conduit RCA dilatation at 10 years followup angiogram and evidence of tiny flow (arrows) into RV indicating spontaneous partial fistula closure. CAF, coronary artery fistula; RV, right ventricle; RCA, right coronary artery; LCX, left circumflex; LAD, left anterior descending.
DISCUSSION
Coronary artery fistula although rare is the commonest congenital coronary anomaly with multifaceted presentation in relation to size, symptoms and age of the patient posing considerable challenge regarding the best management approach. Small CAF remain asymptomatic with potential for spontaneous closure in longterm follow-up and therefore does not require intervention [1] [2] [3] . Most medium to large CAF can be symptomatic in adults but remain asymptomatic in children [1, 4, 5] . Increased age at intervention, especially > 20 years of age (TCC or SC) was associated with major adverse outcomes [5] . Therefore, elective closure of CAF in childhood despite absence of symptoms is advocated to prevent major complications later in life. The eventual goal of treating CAF is to provide longterm event-free survival. Conversely, several case reports and long-term studies continue to report adverse coronary events such as discrete stenosis, acute and chronic thrombosis causing myocardial infarction and perfusion defects with traditional management [6] [7] [8] [10] [11] [12] [13] [14] [15] . Cheung et al. to date has the most extensive followup data; 21 of 41 patients underwent coronary angiograms and all were asymptomatic on follow-up. Four had distal coronary artery complete thrombosis or were threadlike, 2 had complete thrombosis up to the proximal stump with distal collateral vessels [6] . More recently, Children's Hospital Boston published their experience with cohort of 76 patients. They identified 11 patients (15%) to have long-term adverse coronary outcome with 9 of them having evidence of thrombosis causing MI and angina. The clinical predictors were older age at diagnosis, smoking tobacco, diabetes, systemic hypertension, and a sole angiographic feature of CAF drainage into coronary sinus [14] . These studies however failed to elucidate the risk factors for thrombosis and provided no alternative solution in managing CAF. This study with review of literature and our earlier published classification based on size and anatomy of CAF (as proximal and distal), clearly provide basis for understanding the risk factors for adverse coronary events and expose the complexity and controversies in the management of CAF.
Proximal CAF
Patients with proximal CAF are felt to be relatively at low risk for adverse events following closure from thrombosis and remodeling of the residual fistula segment as there are no normal coronary branches arising from the fistula (Fig. 1) . If left untreated they have the potential to increase in size and develop symptoms from coronary steal, spontaneous thrombosis, aneurysmal dilatation leading to rupture and death [1] . They can undergo proximal or distal closure and would develop thrombosis in the residual fistula segment up to the proximal run-off major epicardial artery with out progression of thrombus to normal major coronary artery. All three patients in the present series with proximal fistula had distal closure. On follow-up data available in two patients; they had reduction is residual fistula size with discrete intimal stenosis in one (Fig. 5) and thrombosis of the residual fistula up to its origin without causing occlusion of adjacent major epicardial artery (RCA) (Fig. 6) . In our review of literature only two patients with proximal CAF had coronary events (Table II) due to extension of thrombus from dilated residual fistula segment and dilated corresponding coronary sinus into the major epicardial artery [12, 15] . We therefore recommend transcatheter approach with proximal closure of the fistula with device as suggested by our earlier report [9] or SC involving proximal ligation and surgical reduction of dilated corresponding coronary sinus when feasible to confer less risk for thrombosis extension.
Distal CAF
Patients with distal CAF (Fig. 1) can only undergo distal closure at the drainage site or just distal to the normal coronary branch. The residual conduit coronary artery especially in significantly large CAF is therefore at risk for adverse coronary events from thrombosis and unfavorable remodeling from discrete intimal stenosis [1] . In adults associated co-morbid conditions (hypertension, diabetes, hyperlipidemia, smoking, etc.) may hasten the process of procoagulation and thrombosis [14] . The dilated conduit coronary artery remodels by significant reduction in its size to conform to adjacent normal coronary branches as there is substantial reduction in flow following closure. One patient with large distal fistula (Fig. 2 ) and 3 other patients with medium-sized distal fistulas had moderate decrease in proximal conduit coronary artery size diffusely towards normal without discrete coronary stenosis by angiograms (Figs. 3-5) . The uniform decrease in size may signify healthy remodeling mechanism in contrast to detrimental late discrete stenosis with perfusion defects as described by Hiraishi et al. in their two patients with surgical closure of large distal CAF (0.5 and 4.5 years of age). Discrete stenosis and perfusion defects were noted by angiography and IVUS study on follow-up evaluation [13] . The relative size of distal CAF, size of conduit coronary artery, proximity of adjacent runoff vessels, and age at intervention may determine whether reduction in conduit coronary artery size involves favorable diffuse uniform intimal thickening vs. discrete intimal stenosis associated with perfusion defects.
Thrombosis and occlusion of a normal coronary artery following fistula closure is undeniably the most feared and poorly understood consequence of CAF closure. The process of revascularization and remodeling following coronary occlusion can involve growth of new capillary branches from existing blood vessels, called angiogenesis and or increase in luminal diameter of an existing artery termed arteriogenesis [16] . Conceivably, these are the mechanism of revascularization observed in three patients following fistula closure (Figs. 2, 5, 6 ). On the basis of experience with cohort from Cleveland clinic, we were the first to report that large size, distal type CAF, and older age at closure may be at higher risk for thrombosis following CAF closure [9] . Our current study with review of literature identified 25 patients with reported coronary artery events following CAF closure. Data available in only 16 patients to evaluate size and type of CAF, clearly found 14 of these to have large size and distal CAF (Table II) . We had four patients with intervention for distal CAF (all 4 were < 16 years of age). Only one patient with large size distal CAF had an acute coronary event due to thrombosis extending into a normal coronary branch (Fig. 2) . Remaining three patients with medium size distal fistula had significant uniform reduction in conduit coronary artery size without adverse coronary events (Figs. 3-5) . Although patient numbers are small, these observation suggest closure of medium-sized distal CAF at a younger age may perhaps have favorable remodeling of conduit coronary artery and confer less risk for early or late thrombosis. In contrast, the decision to close a large (significantly dilated) distal CAF and timing of closure based on age continues to be an enigma. Table III summarizes coronary events based on age following closure of large distal CAF. Unambiguously, older patients with large distal CAF were at higher risk for coronary events following closure. Surprisingly younger patients with large distal CAF were also at risk for coronary events (Table III) . These findings are at odds with conventional recommendation of CAF closure at less than 20 years of age [4, 5] and our earlier published [11] 14/F Large, Proximal, LMCA to RA, SC MI, 10 yr, (À) Thrombus straddling bifurcation of LAD Ascoop et al. [7] 69/F Large, Distal, RCA to RA, TCC MI, few hr, (À) Thrombosis RCA occluding acute marginal branch Kharouf et al. [10] 48/F Large, Distal, LCX to CS, TCC MI, 4 days, (À) Thrombosis occluding entire LCX Hamada et al. [15] 26/M Large, Distal, LAD to RV, SC MI, 9 mo, (À) Complete LAD occlusion Gowda et al. [9] 9 recommendation to possibly close large distal CAF at a younger age [9] . Perhaps closure of large distal fistula at young age may not be as ''protective'' as hoped, but closure may still be indicated if it is felt there is a real risk for acute or late problems such as coronary steal, heart failure, rupture, endocarditis, etc. The additional confounding feature is that the natural history of untreated large distal CAF patients is not well understood. Incidentally, in this study three of our patients with large distal CAF without intervention (NIG) aged 0.3, 16, and 56 years ( Fig. 8 ) have been asymptomatic without adverse coronary event on last follow-up at ages of 8, 20, and 62 years, respectively. Thus, nonintervention with anticoagulation may be a definite option for asymptomatic significantly large distal CAF irrespective of age. The limitations of our study are small sample size and incomplete coronary anatomical, functional studies, and anticoagulation data on follow-up. The rarity of this disorder and treatment in specialized centers contribute to small sample size and inadequate follow-up. The definition of coronary fistula size is arbitrary. Absence of normal coronary size angiographic data in children and small patient number with CAF is the major limitation to accurately assess and classify CAF based on size. This review specifically highlights large size and distal CAF to be at risk for coronary events post closure irrespective of the age of the patient and thus our modified approach to management of CAF is summarized in Fig. 9 . We continue to recommend medical observation and no intervention for small size, proximal and distal CAF. All proximal CAF that are moderate or large in size with or without symptoms probably should be closed, ideally as close to the origin of the fistula from the coronary tree as possible. The decision whether to intervene in patients with distal CAF that are medium to large remain controversial. Intervention at a younger age for medium-sized distal CAF may be recommended due to favorable remodeling mechanism. However, for large size distal CAF with significantly dilated conduit coronary arteries (irrespective of age) there appears to be a high risk for adverse coronary events following intervention. Thus nonintervention with assiduous follow-up and long-term anticoagulation may be a rational alternative. The decision to treat may best be made on the assessment of immediate and lifelong risk of one option over the other. Future studies involving multiple centers specifically assessing these risk factors for an optimal treatment approach is warranted. Until then, ''To close or not to close a large distal CAF'' will remain a conundrum.
CONCLUSIONS
Post CAF treatment sequelae include thrombosis and MI, remodeling with revascularization and decrease in conduit coronary artery size towards normal. The large size, distal type of CAF may be at highest risk for coronary events post closure. The optimal treatment approach to various morphologies of CAF at various ages remains to be determined.
